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Abstract
We extend our recent work on “two-metric” theories of gravity by showing how in such models cosmic defects can produce
a spectrum of primordial Gaussian density perturbations. This will happen when the speed characterising the decay products of
the defect network is much larger than the speed characterising gravity and all standard model particles. This model will exactly
mimic all the standard predictions of inflationary models, and the only way of distinguishing the two will be via the detection
of the decay products of the network.
 2001 Published by Elsevier Science B.V.
PACS: 98.80.Cq; 04.50.+h; 98.70.Vc; 11.27.+d
1. Introduction
The recent high-resolution measurements of Cos-
mic Microwave Background (CMB) anisotropies on
degree and subdegree scales [1] have started to pro-
vide cosmologists with a realistic chance of prob-
ing the main physical mechanisms and conditions of
the early universe [2]. However, one too often for-
gets that any subsequent treatment of the data (e.g., to
determine “preferred” cosmological parameters) will
require model-dependent assumptions, and one must
make sure that these are properly justified. Two recent
papers [3] illustrate a rather eclectic range of ways in
which to use a given data set.
Consider the two basic paradigms that could be re-
sponsible for producing these anisotropies — topolog-
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ical defect [4] and inflationary [5] models. There are
of course some rather generic differences between the
two, but still the task of unambiguously distinguishing
between them is not at all trivial [6,7]. The presence of
super-horizon perturbations or of “Doppler peaks” [8]
on small angular scales, for example, are not good dis-
criminants [9] (at least if they are taken on their own).
This issue is further complicated since one can easily
obtain “natural” models where both defects and infla-
tion generate density fluctuations [10,11].
In previous work [12], we have presented an ex-
plicit example of a mechanism whereby the primor-
dial fluctuations are generated by a network of cosmic
defects, but are nevertheless very similar to a standard
inflationary model. Such models arise in the context
of “two-metric” theories [13–15]. The only difference
between the observational consequences of these mod-
els and those of the standard inflationary scenario is
a relatively small non-Gaussian component. Here we
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discuss an alternative model arising in the same con-
text, but where the defect-induced primordial fluctua-
tions are also Gaussian. In this case the evolution of
the defect network is standard, but we require that the
characteristic speed of the decay products of the de-
fect network is much larger than the speed character-
izing gravity and all the standard model particles. We
show that this model will exactly reproduce the CMB
and large-scale structure (LSS) predictions of the stan-
dard inflationary models, and the only way to identify
it would be through the decay products of the defect
network involved.
2. The model
As in our previous work [12], we shall consider the
so-called “two-metric” theories [13–15], which con-
tain two natural speed parameters. In [12] we assumed
that the scalar field which produced the defects had a
characteristic speed cφ that was much larger than the
characteristic speed of gravity and the standard model
interactions. Here we shall instead concentrate on the
decay products of the defect network.
In recent years there has been some debate over the
issue of which is the dominant energy loss mecha-
nism for defect networks. In particular, for the case
of cosmic strings, there are two quite distinct pos-
sibilities, namely, an energy loss mechanism based
on gravitational radiation [4] and one based on par-
ticle production [16,17]. Furthermore, some prelim-
inary studies [18,19] indicate that the cosmological
consequences — say, as measured from the CMB and
matter power spectra — have some significant differ-
ences, although one should be cautious given the num-
ber of simplifying assumptions made in order to derive
these results.
In this Letter we shall assume a two-metric theory
where cosmic strings are produced, and where the long
string network evolves in the standard way (with the
comoving correlation length of the network being of
the order of cη), and suppose that this network decays
via particle production. Furthermore, we also assume
that the decay products have a characteristic speed cp
which obeys cp  c. In this case, the point will be to
have the “compensation” scale much larger than the
horizon size (defined in the usual way) — note that
this will be so because one expects the compensation
scale to be of the order of the free streaming length of
the decay products.
As in [12], the point of this paper is to describe
a rather simple and general mechanism and its basic
consequences, rather than a specific realization of it.
Hence we will not concern ourselves with discussing
particular models. In particular, the mechanism we
will be discussing is independent of cp being a
constant or a time-varying quantity. For the time being
we shall assume that cp is a time-independent quantity,
simply for the purpose of simplifying the discussion.
We will later relax this assumption and discuss the
implications for structure formation of variable cp.
Moreover, what the ultimate decay products of the
defect network are will also not affect the model’s
ability to work, although it will of course affect its
detailed quantitative predictions (or, if one wants to
put it in other words, its efficiency).
For example, the decay products could be massless
particles with velocity cp  c; these would, in analogy
with the Cerenkov effect, emit gravitons and thus
produce a stochastic gravitational wave background
[15]. On the other hand, if the decay products are
massive particles produced with characteristic velocity
cp, then we expect them to eventually be slowed
down to below the characteristic speed of gravity, on
a timescale related to the graviton emission rate. As
will become clear below, our mechanism will be more
efficient in the former case than in the latter. On the
other hand, the subsequent evolution of these decay
products can potentially be used to impose constraints
on specific realizations of the mechanism, and the
detection of a “background” of these decay products
would provide an obvious way to test the mechanism.
The only detailed assumption we require is that the
decay of the defect network proceeds in such a way
to allow its evolution to be qualitatively analogous to
the standard case [4,20–22]. In particular, we assume
that some “scaling” solution will be reached after a rel-
atively short transient period. However, we do allow
(and indeed expect) a “scaling” solution that is quan-
titatively different from the usual, “scale-invariant”
one — see [23] for a more detailed discussion of these
concepts. This assumption still allows us to make use
of some of the standard results on string-seeded struc-
ture formation in the following section.
We emphasize that there are significant differences
between the model being discussed here and the
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one previously presented in [12]. In our previous
work the speed characterizing the defect-producing
scalar field cφ was much larger than the speed c
characterizing gravity and standard model particles.
Hence the comoving correlation length of the network
was of order cφη cη. On the other hand, the decay
products of the network were assumed to be standard,
i.e., to have a characteristic speed c. In the present
work we assume that the evolution of the network
is standard (with the comoving correlation length of
the network being of the order of cη), but that its
decay mechanism is through a channel with some
characteristic speed cp that is much larger than the
standard one.
3. Cosmological consequences
In the synchronous gauge, the linear evolution equa-
tions for radiation and cold dark matter perturbations,
δr and δm, in a flat universe with zero cosmological
constant are
(1)
δ¨m + a˙
a
δ˙m − 32
(
a˙
a
)2(aδm + 2aeqδr
a + aeq
)
= 4πGΘ+,
(2)δ¨r − 13∇
2δr − 43 δ¨m = 0,
where Θαβ is the energy–momentum tensor of the
external source, Θ+ =Θ00+Θii , a is the scale factor,
“eq” denotes the epoch of radiation-matter equality,
and a dot represents a derivative with respect to
conformal time. We will consider the growth of super-
horizon perturbations with ckη  1. Then Eq. (1)
becomes:
(3)
δ¨m + a˙
a
δ˙m − 12
(
a˙
a
)2(3a+ 8aeq
a + aeq
)
δm = 4πGΘ+,
and δr = 4δm/3. Its solution, with initial conditions
δm = 0, δ˙m = 0 can be written as
δSm(x, η)
(4)= 4πG
η∫
ηi
dη′
∫
d3x ′ G(X;η,η′)Θ+(x′, η′),
(5)G(X;η,η′)= 1
2π2
∞∫
0
G˜(k;η,η′) sinkX
kX
k2 dk.
Here X = |x− x′| and ‘S’ indicates that these are the
“subsequent” fluctuations, according to the notation
of [24], to be distinguished from “initial” ones.
We are interested in computing the inhomogeneities
at late times in the matter era. When η0  ηeq, the
Green functions are dominated by the growing mode,
∝ a0/aeq, so the function we would like to solve for
is [24]
(6)T (k;η)= lim
η0/ηeq→∞
aeq
a0
G˜(k, η0, η).
Consider the growth of super-horizon perturbations
generated during the radiation era, for which the
transfer function can be written 1 [24]
(7)T (0;η)= ηeq
10(3− 2√2 )η .
The linear perturbations induced by defects such as
cosmic strings, are the sum of initial and subsequent
perturbations:
δm(k;η0)= δIm(k;η0)+ δSm(k;η0)
(8)
= 4πG(1+ zeq)
η0∫
ηi
dη Tc(k;η)Θ˜+(k;η),
where ηi is the time when the network of cosmic de-
fects was generated and Tc is the transfer function for
the subsequent perturbations, those generated actively
by the defects. In order to include compensation for
the initial perturbations, δIm, the substitution is usually
made:
(9)Tc(k;η)=
(
1+ (kc/k)2
)−1
T (k;η),
where kc is a long-wavelength cut-off at the compen-
sation scale. In the case where the defects have sev-
eral possible decay channels 2 there may be several
scales associated with compensation due to the differ-
ent dynamics of the defect decay products. However,
1 For super-horizon perturbations generated during the matter
era, the transfer function would differ from the above by a factor
of two.
2 For the case of cosmic strings these could be loops, gravita-
tional radiation and in our theory particles with velocity cp  c.
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for simplicity we shall assume that Eq. (9) is a good
approximation with the compensation scale, kc, deter-
mined by particles generated by the defect network
with cp  c. Consequently, we expect kc ∼ (cpη)−1.
If there are other decay channels this assumption may
slightly alter the power spectrum normalization but
will not otherwise affect the predictions of our model.
Note also that both in the present work and in
our previous work [12] we get a compensation scale
that is much larger than cη, but the reasons for this
are slightly different in the two cases. In [12] the
compensation scale is expected to be of the order of
the correlation length of the network, while in the
present work the compensation scale is expected to be
of the order of the free-streaming length of the decay
products.
For (cpη0)−1  k (cpηi)−1 the analytic expres-
sion for the power spectrum of density perturbations
induced by defects can be written as
(10)
P(k)= 16π2G2(1+ zeq)2
∞∫
0
dηF(k, η)∣∣Tc(k, η)∣∣2,
where F(k, η) is the structure function which can
be obtained directly from the unequal time correla-
tors [25,26]. Still in the case of super-horizon pertur-
bations, it can easily be shown [25] that for a scal-
ing network F(k, η) = F(kη) which, combined with
Eqs. (7), (9) and (10), gives
(11)P(k)∝
∞∫
0
dηS(kη)/η2 ∝ k
for super-horizon modes. Here the function S , is just
the structure function, F , times the compensation cut-
off function.
Up until now we only considered the spectrum
of primordial fluctuations induced by cosmic defects
(by primordial we mean generated at very early
times). In our model a Harrison–Zel’dovich spectrum
is predicted (see Eq. (11)) just as in the simplest
inflationary models. The final processed spectrum
taking into account the growth of the perturbations
inside the horizon in the radiation and matter eras
will also be the same as for the simplest inflationary
models. Note that if cp is a time varying quantity then
the compensation cut-off is no longer a function of kη
alone, and so it is possible to have deviations from a
pure Harrison–Zel’dovich spectrum just as in generic
inflationary models.
On large scales k  (cη)−1 the structure function
F(k, η) has a white noise spectrum. The turn-over
scale, if it exists, only appears at the correlation length
of the network kξ  (cη)−1 [25,27]. This means that
perturbations induced on scales larger than the corre-
lation length are generated by many defect elements
and, therefore, have a Gaussian distribution accord-
ing to the central limit theorem. On the other hand,
perturbations induced on smaller scales are very non-
Gaussian because they can be either very large within
the regions where a string has passed by or else very
small outside these. This allows us to roughly divide
the power spectrum of cosmic-string-seeded density
perturbations into a nearly Gaussian component gen-
erated when the string correlation length was smaller
than the scale under consideration, and a strongly
skewed non-Gaussian component generated when the
string correlation length was larger (we call these the
“Gaussian” and “non-Gaussian” contributions, respec-
tively).
The ratio of these two components may be easily
computed by splitting the structure function in (10),
in two parts: a Gaussian part Fg(k, η) = F(k, η) for
k < kξ (Fg = 0 for k > kξ ) and a non-Gaussian part
Fng(k, η) = F(k, η) for k > kξ (Fng = 0 for k < kξ ).
We can then integrate (10) with this Gaussian/non-
Gaussian split, to compute the relative contributions
to the total power spectrum. The final result will of
course depend on the choice of compensation scale kc,
but recall that in any case we expect the network cor-
relation length to be much smaller than the compensa-
tion scale. Thus, given that in our model kc  (cη)−1
the “non-Gaussian” component will simply be too
weak to be detected.
By allowing for a characteristic velocity for one
of the decay channels of a defect network cp much
larger than the velocity of light (and gravity) c we were
able to construct a model with primordial, adiabatic
(δr = 4δm/3), nearly Gaussian fluctuations whose pri-
mordial spectrum is of the Harrison–Zel’dovich form.
This model is indistinguishable from the simplest in-
flationary models (as far as structure formation is con-
cerned). The Cl spectrum and the polarization curves
of the CMBR predicted by this model should also be
identical to the ones predicted in the simplest inflation-
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ary models as the perturbations in the CMB are not
generated directly by the defects. Moreover, the grav-
itational wave background generated by the defects in
this theory should be too weak to be detected as the
energy scale of the defects can be significantly lower
than in the standard case.
4. Discussion and conclusions
Following up our previous work on the cosmologi-
cal consequences of “varying speed of light” theories
[12,28,29], we have presented a further general illus-
tration of non-negligible overlap between topological
defect and inflationary structure formation models, in
the context of “two-metric” theories of gravity.
According to Liddle’s criterion [6], such “mimic”
models of inflation require some form of “violation of
causality”. In our previous work [12], this was pro-
vided by a defect-producing scalar field with a char-
acteristic speed much larger than that of gravity and
the standard model interactions. In the present work,
it is instead provided by a similarly large “superlu-
minal” characteristic speed of the decay products of
the defect network. Hence we see that defects in two-
metric theories can produce either Gaussian or non-
Gaussian [12] primordial fluctuations. The only dis-
tinguishing characteristics of these models, by com-
parison with the simplest inflationary models, will be
a small non-Gaussian signal in the former case, and a
background of the defect decay products in the latter.
Both of these could be detected by future experiments.
A more detailed discussion will be presented in [30].
As we already pointed out in [12], these models
might admittedly seem somewhat “unnatural” in the
context of our present theoretical prejudices, though
they are certainly not the only ones to fit in this
category [9,31]. However, if one keeps in mind that
any fully consistent cosmological structure formation
model candidate should eventually be derivable from
fundamental physics, one could argue that at this stage
they are ceteris paribus, on the same footing as infla-
tion. Certainly no single fully consistent realization of
an inflationary model is known at present.
In any case, what these models do provide is explicit
evidence of the fact that one must be extremely careful
with one’s prior assumptions when using cosmological
datasets, and that one must keep looking for efficient
and unambiguous ways to test the main paradigms of
cosmology. We shall return to this topic in a future
publication.
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